Background {#Sec1}
==========

In placental mammals, the X and Y chromosomes share homology only in the pseudoautosomal regions (PAR). PAR length varies greatly among species, ranging from only 700 kb in mouse \[[@CR1]\], to 2.7 Mb (PAR1) in human \[[@CR2]\] and 6.6 Mb in dog \[[@CR3],[@CR4]\] (Figure [1](#Fig1){ref-type="fig"}). In the mouse, all chromosomes are acrocentric, and the PAR localizes at the tip of the long q arm of the sex chromosomes. The human metacentric X and Y chromosomes have two PARs, one on each end of the sex chromosomes. However, usually only PAR1, at the end of the p arm of the human sex chromosomes, engages in meiotic recombination \[[@CR5]-[@CR8]\]. The single dog PAR localizes to the tip of the Xp and Yq arms. The total length of the dog Y is only approximately 20 Mb, which is relatively short compared to the human and mouse Y chromosomes with a length of 60 Mb and 95 Mb, respectively. In contrast, the X chromosome is highly conserved in evolution, measuring 156, 171, and 124 Mb in human, mouse, and dog, respectively (Figure [1](#Fig1){ref-type="fig"}). The presence of a heterologous chromosome pair in males poses a challenge to male meiosis, and has specific consequences for the transcriptional activity of the sex chromosomes during spermatogenesis as explained below.Figure 1Dog, human, and mouse sex chromosomes. Schematic drawing of the dog, human, and mouse sex chromosomes. The PAR regions are shown in blue. The location of centromeres is indicated by a black box, and the heterochromatic areas on the Y chromosomes are shown in dark gray. p and q arms are indicated.

In the first meiotic division, homologous chromosomes need to segregate faithfully, to generate two daughter cells that both carry a haploid set of chromosomes. This requires a lengthy prophase during which each chromosome pairs, and exchanges genetic information with its homologous partner. This process involves the formation of approximately 250 meiotic DNA double-strand breaks (DSBs) \[[@CR9]\] by the transesterase SPO11 \[[@CR10],[@CR11]\] at so-called hotspots \[[@CR12]\] distributed throughout the genome. Subsequently, repair of these DSBs occurs via a meiosis-specific adaptation of the somatic homologous recombination (HR) repair process. HR in meiotic prophase cells is thought to prefer the use of the intact DNA from the homologous chromosome as a template for repair, whereas the sister chromatid is the favoured repair template in somatic G2 cells \[[@CR13]\]. This preference for the homologous chromosome in meiosis is known as the interhomolog bias \[[@CR14]\]. Based on this bias, the meiosis-specific HR repair mechanism helps chromosome pairing and allows complete homologous synapsis through the formation of the synaptonemal complex (SC) \[[@CR15]\]. The meiotic HR machinery also ensures formation of at least one crossover for each chromosome pair, which is required for faithful segregation of homologous chromosomes and the sex chromosomes during the first meiotic metaphase to anaphase transition. All these events can be traced via immunocytochemical localization of key players in the HR repair process and markers of SC formation. RAD51 and DMC1 are recombinases that form foci in response to the formation of DSBs by SPO11, and each focus is thought to correspond to a DSB site \[[@CR16],[@CR9],[@CR17],[@CR18]\]. SC formation reaches completion as DSB repair proceeds. The initial formation of the axial elements, that form first along each chromosomal axis, can be followed by staining for its components, such as SYCP2, SYCP3 \[[@CR19],[@CR20]\], and the HORMAD proteins \[[@CR21]\]. Subsequently, formation of the central or transverse elements, that provide the "glue" between the homologous chromosomes as they synapse, can be followed by staining for components of the transverse filaments and central element such as SYCP1 \[[@CR22]\] and TEX12 \[[@CR23]\].

Stable XY synapsis in mouse and man is observed only for the tips of these chromosomes that contain the PAR \[[@CR24]\]. Detailed electron microscopic evaluation of the XY pair in mouse spermatocytes has revealed that the synapsis between X and Y is dynamic, whereby the region that displays synapsis varies between 0.2 and 3 μm. When synapsis is maximal, approximately 90% of the complete Y-chromosomal axis is synapsed \[[@CR25],[@CR26]\]. The unsynapsed configuration of the heterologous X and Y chromosomal axes is detected throughout meiotic prophase. Sex chromosomes are thus faced with a particular challenge in repairing meiotic DSBs in the non-PARs. Asynapsis and persistence of unrepaired DSBs lead to global transcriptional repression, a process called meiotic sex chromosome inactivation (MSCI) (reviewed in \[[@CR27]\]; \[[@CR18]\]). On the other hand, PARs, where synapsis and repair can proceed similarly as on autosomes, are generally thought to escape from MSCI \[[@CR28]\], but so far this has not been analysed.

In mouse, inactive XY chromatin forms a distinct nuclear domain, the so-called XY body, which usually resides at the periphery of the nucleus and can be cytologically distinguished by its: 4\',6-diamidino-2-phenylindole (DAPI)-intense appearance \[[@CR29]\]. XY body formation has been observed in a variety of different mammals \[[@CR30]-[@CR38]\]. Transcriptional suppression of X and Y has been reported to persist in post-meiotic spermatids in mouse and human, and is referred to as post-meiotic sex chromatin repression (PSCR) \[[@CR39],[@CR40]\]. PSCR, despite being a direct consequence of MSCI, appears to be less stringent, since a significant number of X-linked genes are post-meiotically reactivated (multi-copy genes \[[@CR41]\], and \~13% to 20% of single copy genes \[[@CR39],[@CR42]\]). Transcriptomic studies of MSCI and PSCR have so far been performed only in mouse and human, using microarray analyses of RNA purified from different germ cell types \[[@CR39],[@CR42],[@CR43]\], or whole testes \[[@CR44]\]. More recently, also RNA sequencing approaches have been used to analyse global and sex chromosome transcriptional regulation during spermatogenesis in the mouse \[[@CR45],[@CR46]\]. MSCI appears to be a male-specific specialization of a more general process, meiotic silencing of unsynapsed chromatin (MSUC), that silences chromatin that remains unsynapsed during male and female meiotic prophase in mammals \[[@CR47],[@CR48]\]. Although MSUC shares several epigenetic characteristics with MSCI, these phenomena seem to lead to opposite end results: MSCI must successfully be installed in order for spermatocytes to progress through the meiotic prophase \[[@CR49]\], whereas occurrence of MSUC could be detrimental to the meiotic cells \[[@CR50]\]. Whether MSUC and MSCI are equally effective is not known, since no global analyses of mRNA expression from regions that are subject to MSUC are available. Based on immunocytochemical analyses, it appears that some components of a shared MSCI/MSUC machinery are limiting, and when MSUC is activated in spermatocytes, this reduces the effectiveness of MSCI \[[@CR51]\]. Meiotic and post-meiotic X chromosome silencing was reported to be similarly effective for mouse and man \[[@CR43]\]. However, when we analysed publicly available microarray data from human testes, the results indicated that MSCI and PSCR might be less complete in human compared to mouse \[[@CR44]\], and this notion was supported by immunocytological observations that indicated that MSCI was less stringently controlled in human compared to mouse \[[@CR52]\]. Furthermore, the profiles of X-linked genes escaping from PSCR diverge significantly between humans and mice \[[@CR43]\]. Thus, detailed analysis of MSCI and PSCR in other mammalian species might help in understanding common and relevant features of these processes and identify new important candidate X-linked fertility genes.

In the past, we have studied the functional links between sex chromosome pairing, DSB repair, and transcriptional silencing in several species \[[@CR53],[@CR54],[@CR44]\], and here we have focused on the regulation of the sex chromosomes during male meiotic prophase in the dog (*Canis familiaris*), because of its long PAR (Figure [1](#Fig1){ref-type="fig"}), and some peculiar features of XY pairing during meiotic prophase. The last common ancestor of mouse, human and the domestic dog lived around 65 million years ago \[[@CR55]\]. The diploid genome of the dog consists of 38 autosomal pairs and the sex chromosomal pair \[[@CR56]\]. Previously, the general pattern of meiotic recombination during dog meiotic prophase has been studied through staining for the mismatch repair protein MLH1, which also marks crossover sites in spermatocytes of mouse and man \[[@CR57]\].

Herein, we first provide a detailed description of the assembly and disassembly of the synaptonemal complex during canine spermatogenesis. We show that the dog X chromosome displays extensive self-synapsis during mid pachytene, contributing to a more rapid meiotic DSB repair along the self-synapsed part of the X chromosome and to early loss of MSCI marks. These observations, together with the availability of complete high coverage genome sequencing for this species, prompted us to study MSCI and PSCR more in detail by RNA sequencing. We show that X self-synapsis is associated with a partial escape from MSCI. In contrast to what has been previously suggested \[[@CR28]\], the PAR, at least in dog, has very low transcriptional activity in both spermatocytes and spermatids. In addition, our comparative analysis among dog, mouse and human of post-meiotically down- and up-regulated genes, provides new potential targets in the search for candidate X-linked male fertility genes.

Results {#Sec2}
=======

Extensive X self-synapsis in dog mid pachytene spermatocytes {#Sec3}
------------------------------------------------------------

The progression of meiotic prophase and synapsis in canine spermatocytes was studied by immunostaining for SYCP3 (lateral elements) and SYCP1 (transverse filaments). At leptotene (2% of the spread nuclei of spermatocytes, n = 100), short fragments of SYCP3 appear throughout the nucleus, some of which become associated with SYCP1 fragments (Figure [2](#Fig2){ref-type="fig"}). In zygotene nuclei (13% n = 100), longer stretches of SYCP3 and SYCP1 are present, in agreement with the known progression of synapsis between the homologous chromosomes. However, the SYCP3 pattern appears a bit more dotted compared to what can be observed in mouse zygotene spermatocytes. In pachytene nuclei (81% n = 100), SC assembly was found to be complete on all autosomes, and SYCP3 and SYCP1 completely co-localize, indicating full synapsis. Diplotene nuclei were very rare (4% n = 100), indicating that this stage is very short in the dog (in mouse we observed that 23% of spermatocyte nuclei were at diplotene, n = 100). Again, SYCP3 was observed in a dotted pattern, whereas mouse diplotene spermatocytes still contain linear SYCP3 staining along the chromosomal axes at this stage. The XY pair could be easily detected in the majority of pachytene nuclei, due to the absence of SYCP1 along most of the X chromosomal axis detected by SYCP3 (Figure [2](#Fig2){ref-type="fig"}), but no distinct nuclear domain encompassing the XY body was observed in the DAPI staining. The chromosomal axis of the Y chromosome was very short, and frequently appeared to synapse almost completely with the X. In addition, large stretches of SYCP1, much longer than what might have been expected from XY synapsis, were sometimes observed (Figure [2](#Fig2){ref-type="fig"}, lower pachytene nucleus). To study the dynamics of XY association during meiotic prophase in more detail, we first identified the different XY configurations, and their temporal appearance. To this end we made use of the fact that XY body formation is followed by a replacement of histone variants H3.1 and H3.2 by H3.3, as has been described for the mouse \[[@CR58]\], allowing a distinction between early and mid-to-late pachytene spermatocytes. Using a monoclonal antibody that specifically recognizes H3.1 and H3.2, we observed depletion of the H3.1/2 antigens from at least part of the XY body from mid pachytene onwards (Figure [3](#Fig3){ref-type="fig"}A). Costaining with the marker of the central element TEX12, and the centromere marker CREST, revealed that a short synapsed patch can be observed on the XY pair in early pachytene, before histone removal, that localizes near the Y centromere (the dog X and Y chromosomes are metacentric, but since the Y axis is so short, the PAR always appears close to the Y centromere), indicating synapsis between X and Y. Subsequently, when H3.1 removal occurs in early-to-mid pachytene and mid pachytene spermatocytes, a longer stretch of TEX12 staining is observed on the XY pair (Figure [3](#Fig3){ref-type="fig"}A). This extensive synapsis is transient, and was usually observed in the area between the PAR and the X chromosome centromere (p-arm). Finally, in late pachytene, the TEX12 signal becomes restricted again to the area close to the Y centromere. At these final stages, the X-chromosomal axis stained by SYCP3 becomes thickened (Figure [3](#Fig3){ref-type="fig"}B). When we quantified the extent of self-synapsis along the X chromosome in 100 pachytene nuclei, 27 of these nuclei displayed no detectable XY synapsis (although X and Y were paired), 44 nuclei had little synapsis (either restricted to the PAR or similar to what is shown in the middle panel of Figure [3](#Fig3){ref-type="fig"}B), extensive synapsis up to the X centromere was observed in 21 nuclei, and even more extreme synapsis, including part of the Xq region, was detected in 8 nuclei. To understand if the extensive synapsis occurs between X and Y or represents some form of X self-synapsis, we used Structured Illumination Microscopy (SIM) which reaches a resolution of 120 nm (green channel) to 130 nm (red channel), on samples immunostained for SYCP3 and SYCP1 (Figure [4](#Fig4){ref-type="fig"}A). This showed a short stretch of synapsis between X and Y, encompassing approximately half of the Y chromosomal axis, in early pachytene nuclei. At mid pachytene, additional synapsis was observed along two short stretches where part of the X chromosome forms a looped structure. Thus, this configuration may represent heterologous self-synapsis of the X. In addition, some nuclei showed a split SYCP3 signal along most of the X chromosome separated by a stretch of SYCP1, indicating that in these nuclei synapsis between sister chromatids of the X chromosome may occur. To verify whether these SYCP1 stretches represented true synapsis, we also stained for TEX12, a component of the central element, and HORMAD1, a marker of unsynapsed axes which is known to be removed upon synapsis in mouse spermatocytes \[[@CR21]\]. Figure [4](#Fig4){ref-type="fig"}B shows that indeed also in dog spermatocytes HORMAD1 signals are frequently reduced when TEX12 is present. In addition, CREST antibody was used to verify the locations of the X and Y centromeres, and the immunostaining showed that the X centromere localizes at the tip of the loop that is formed and appears to display some form of heterologous synapsis.Figure 2Extensive X chromosome self-synapsis in dog pachytene spermatocytes. Overview of the dog male meiotic prophase and the progression of synapsis between the XY pair. The left panel shows DAPI staining of the different spermatocyte nuclei, the substages are indicated on the left. To the right of the DAPI images, images of the corresponding nuclei stained for the synaptonemal complex proteins SYCP1 (green) and SYCP3 (red) are shown, followed by the merge. The XY pair in pachytene and diplotene nuclei is encircled. Bar represents 10 μm.Figure 3Progressive remodeling of the XY body during meiotic prophase in dog spermatocytes. **A)** Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (white, artificial color chosen to represent the infrared signal), CREST (red) and TEX12 (green). The different substages are indicated on top. **B)** Pachytene spermatocyte spread nucleus stained for DAPI (blue), H3.1/2 (red), SYCP3 (green). Single immunostainings are shown in grayscale.Figure 4Transient X self-synapsis during pachytene in dog spermatocytes. **A)** Subregions of spermatocyte spread nuclei containing the X and Y at different substages of pachytene indicated on the left are shown at high resolution (Structured Illumination Microscopy (SIM)) to resolve the lateral elements of the synaptonemal complex immunostained for SYCP3 (white/green). The nuclei are costained for SYCP1 to identify regions of synapsis. To the right, drawings showing in white the X-specific and the Y-specific regions, in light blue PAR homologous synapsis and in red X chromosome heterologous self-synapsis. Bar represents 1 μm. **B)** As in A, but these nuclei were stained with antibodies against TEX12 (marker of synapsis), HORMAD1/2 (specifically localizes on unsynapsed axes) and CREST (to mark the centromeres) as indicated. To the right, drawings showing in white the X-specific and the Y-specific region , in light blue PAR homologous synapsis, in green X chromosome heterologous self-synapsis, and in orange the centromere locations. Scale bar represents 1 μm.

DNA double strand break repair appears to be completed during maximal self-synapsis along the X chromosome axis {#Sec4}
---------------------------------------------------------------------------------------------------------------

Due to the largely heterologous state of the mouse X and Y chromosomes, DSB repair on these sex chromosomes is delayed in regions outside the PAR (reviewed in \[[@CR59]\]). To visualize the dynamics of DSB formation and repair on the dog XY, we first analysed the presence of the homologous recombination repair protein RAD51, and the well-known marker of DSBs and the XY body, γH2AX \[[@CR11]\] (Figure [5](#Fig5){ref-type="fig"}A). γH2AX represents the phosphorylated form of H2AX. This variant of H2A can be phosphorylated by the checkpoint kinases ATR and ATM or by DNA-PKCs in somatic cells in response to DNA damage \[[@CR60]\]. During meiotic prophase in mouse, ATM phosphorylates H2AX at meiotic DSBs \[[@CR61],[@CR11],[@CR60]\]. Later, ATR is responsible for the formation of γH2AX on the XY body \[[@CR61],[@CR62]\].Figure 5DSBs repair dynamics. **A)** Spermatocyte spread nuclei stained for γH2AX (blue), RAD51 (red) and SYCP3 (green). Single stainings are shown in gray scale. Percentages indicate the fraction of pachytene nuclei observed as shown. Zygotene nuclei were identified based on the fact that axes were split for more than one chromosome pair, and γH2AX and RAD51 staining signals were extensive. Pachytene nuclei were identified based on complete synapsis of the autosomes, and we discriminated between early-pachytene (γH2AX staining of the XY body, and still some RAD51 foci on autosomes), mid-pachytene (γH2AX staining of XY body but no RAD51 foci on autosomes), and late-pachytene (no γH2AX staining on the XY body, and thickened SYCP3 axes of the XY body) spermatocytes. Diplotene nuclei were characterized by desynapsis and thickening of the SYCP3 ends. Scale bar represents 10 μm. **B)** Spermatocyte spread nuclei stained for γH2AX (blue), RAD51 (green), SYCP1 (green), and SYCP3 (only shown in the enlargement, in grayscale). Close-ups show a magnification of the XY body, the top image shows SYCP3 staining (grayscale) in the area, for which the merge of SYCP1, RAD51 and γH2AX is shown below.

At leptotene, we observed many RAD51 foci, indicative of the presence of DSBs throughout the nucleus, in accordance with a previous report \[[@CR57]\]. γH2AX displayed a focal staining pattern colocalising with the RAD51 foci. The number of foci decreased during zygotene. In early pachytene nuclei (which represent 40.7% of the total number of pachytene nuclei (92/226 nuclei)), only a few foci remained present on the synapsed axes of autosomes, whereas the X chromosome still carried many bright RAD51 foci associated with intense γH2AX staining of the XY body chromatin (Figure [5](#Fig5){ref-type="fig"}A). In mid pachytene nuclei (50.9% of the total number of pachytene nuclei), γH2AX still covered most of the XY axes, but RAD51 foci had disappeared from the sex chromosomes. Quadruple staining of RAD51, SYCP3, SYCP1, and γH2AX confirmed the notion that RAD51 disappears before γH2AX, and also showed that RAD51 has disappeared when maximal synapsis is reached (Figure [5](#Fig5){ref-type="fig"}B). Finally, neither RAD51 foci nor γH2AX were observed on the XY body of late pachytene nuclei (8.4% of the total number of pachytene nuclei), and in none of the few diplotene nuclei that were found. In cells where both γH2AX and RAD51 were absent from the XY body, the SYCP3 axes of the XY pair usually had a thickened appearance, and these were defined as late pachytenes. We verified the absence of γH2AX from such late pachytene nuclei using immunofluorescent staining of dog testis sections. For the spermatogenic cycle of the dog, 8 different cellular associations have been described (schematically depicted in Figure [6](#Fig6){ref-type="fig"}A, \[[@CR63]\]), with late pachytene and diplotene spermatocytes appearing at Stages VI and VII. Indeed, we observed a few γH2AX negative nuclei with one intense axis staining for SYCP3 at Stage VI, and more such nuclei were observed at Stage VII (Figure [6](#Fig6){ref-type="fig"}B).Figure 6Loss of γH2AX from the XY body in pachytene spermatocytes becomes evident at Stage VI of the spermatogenic cycle in the dog. **A)** Schematic drawing of the different stages of the spermatogenic cycle of the dog (adapted from \[[@CR71]\]). **B)** Immunostaining of cryosections of dog testes for γH2AX (green) and SYCP3 (red), and also stained with DAPI (blue). Stages were identified based on Russell et al. (1990) \[[@CR71]\]. Loss of γH2AX and the thickened SYCP3 axes representative of late pachytene becomes evident at Stage VI. Single immunostainings are shown in grayscale. Magnifications are shown in the bottom panels, and some cells and the XY body are outlined for reference.

Markers of MSCI on the XY body of dog pachytene spermatocytes {#Sec5}
-------------------------------------------------------------

In addition to being the earliest known marker of the mouse XY body, γH2AX is required for the initiation of MSCI in mouse spermatocytes \[[@CR64]\]. The canine XY pair is highly enriched for γH2AX in early-to-mid pachytene, but loses this mark before exit from pachytene. We wondered if this early depletion of γH2AX from the XY body could be associated with premature release from MSCI. Therefore, we investigated the localization pattern of additional markers of mammalian MSCI.

First, we analysed the presence of RNA polymerase II, using two different antibodies, one targeting all RNA polymerase II, and one that targets only the form that is phosphorylated at serine 2 in the heptapeptide repeats in the C-terminal domain (CTD repeat) of the large subunit in association with transcription elongation (reviewed in \[[@CR65]\]). The overall level of RNA polymerase II was found to be quite low in dog pachytene nuclei, but nonetheless the XY pair frequently appeared depleted of RNA polymerase II as compared to the rest of the nucleus (Figure [7](#Fig7){ref-type="fig"}A), indicating a lack of transcriptional activity. In accordance with this observation, we also observed reduced staining for phosphorylated RNA polymerase II in the region containing the XY body in the majority of pachytene nuclei (57%, n = 101) (Figure [7](#Fig7){ref-type="fig"}B, B', C). However, surprisingly, this antibody showed an intense dotted signal adjacent to the SYPC3-stained X-chromosomal axis also in a large fraction of the pachytene nuclei (41%), indicating some ongoing RNA transcription along specific regions of the X chromosome. Loss of γH2AX from the XY body was not specifically associated with the appearance of the bright phosphorylated RNA polymerase II foci. Furthermore, when foci were present, the overall level of phosphorylated RNA polymerase II at the XY body was variable (Figure [7](#Fig7){ref-type="fig"}C). Thus, at this point, we cannot explain what may cause, and what might be the consequences, of this focal transcriptional activity in the XY body of some pachytene nuclei. To provide additional evidence for overall transcriptional silencing of the XY body, at least in part of the pachytene nuclei, we performed an RNA-FISH experiment to detect nascent transcripts containing repeats. This method has also been used to verify MSCI and MSUC in the mouse \[[@CR39],[@CR47]\]. Figure [8](#Fig8){ref-type="fig"} indeed shows reduced hybridization of Cot1 DNA in the area of the chromatin that encompasses the XY body in comparison to the rest of the chromatin in two pachytene nuclei (Figure [8](#Fig8){ref-type="fig"}). However, the depletion of Cot1 signal was not always evident (not shown). Next, we analysed the localisation of two different histone modifications; H3 lysine 4 dimethylation (H3K4me2), known to be associated with active or potentiated chromatin, and H3 lysine 9 trimethylation (H3K9me3) as a marker of inactive chromatin. In mouse spermatocytes, both these modifications are enriched on the XY body in late prophase nuclei (late pachytene-diplotene) and persist on the sex chromosomes in round spermatids \[[@CR66],[@CR58]\]. Methylation of H3K9 is thought to function to maintain repression of the sex chromosomes in post-meiotic cells, in the absence of γH2AX \[[@CR67]\]. In contrast, the increase in H3K4 methylation in mouse diplotene spermatocytes may contribute to reactivation of a subgroup of X- or Y-linked genes in round spermatids \[[@CR68]\]. In dog spermatocytes, the overall level of H3K4me2 was low in pachytene nuclei. In parallel with depletion of H3.1 from the XY body chromatin, depletion of H3K4me2 from XY body chromatin was observed. In diplotene nuclei and round spermatids, H3K4me2 remained excluded from the area of the nucleus that lacks H3.1, which covers either the X or the Y chromosome (Figure [9](#Fig9){ref-type="fig"}A and [9](#Fig9){ref-type="fig"}B). We performed a similar analysis for H3K9me3, and observed a general enrichment of this modification in the centromeric regions of all chromosomes including the XY pair. Only in late pachytene, enrichment of H3K9me3 on the XY body appeared to spread a bit more, and included at least half of the XY body chromatin, but this enrichment was no longer observed at diplotene (Figure [9](#Fig9){ref-type="fig"}C). In round spermatids, enrichment of H3K9me3 was highly variable in the area lacking H3.1, and no specific correlation between lack of H3.1 and increased H3K9me3 signal could be detected (Figure [9](#Fig9){ref-type="fig"}D, compare left nucleus to right nucleus).Figure 7Different patterns of RNA polymerase II localization on the XY body of dog pachytene spermatocytes. **A)** Pachytene spermatocyte spread nuclei stained for γH2AX (blue), RNA polymerase II (RNApolII, red), and SYCP3 (green), single RNA polymerase II immunostainings are shown in gray scale. The lower panel represents a late pachytene spermatocyte in which γH2AX is already lost from part of the X chromosome and RNApolII is not clearly depleted from the XY body. **B)** Pachytene spermatocyte spread nuclei stained for γH2AX (blue), phosphorylated RNA polymerase II (RNApolII, red), and SYCP3 (green), single RNA polymerase II immunostainings are shown in gray scale. The lower panel represents a late pachytene spermatocyte in which γH2AX is already lost from part of the X chromosome. RNA polymerase II depletion from the XY body is evident in the nucleus shown in the middle. In addition, foci of phosphorylated RNA polymerase II staining are specifically observed in the XY body of the middle and the bottom nucleus. **B'** shows magnifications of the XY body regions shown in **B**. **C)** Quantification of the percentages of pachytene nuclei (n = 101) with RNA polymerase II foci in the XY body, relative to the overall depletion of this mark from the (rest of ) the XY body, and to the enrichment of γH2AX in the XY body. Nuclei were immunostained as shown in panel **B**.Figure 8Reduced transcriptional activity in the XY body of dog pachytene spermatocytes. Images of Cot1 RNA FISH combined with an immunostaining for γH2AX on spermatocyte nuclei. High γH2AX signals (covering the XY body) correspond to low Cot1 signals, indicating little transcriptional activity. Magnifications of the left and right XY body are shown below each image.Figure 9Dynamics of H3K4me2 and H3K9me3 on the XY body in dog spermatocytes. **A)** Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (red), H3K4me2 (white, artificial color chosen to represent the infrared signal) and SYCP3 (green). Single immunostainings are shown in grayscale. Subsequent substages indicated on the left are shown from top to bottom in the different panels. **B)** Spermatid spread nuclei stained for DAPI (blue), H3.1/2 (red), and H3K4me2 (white, artificial color chosen to represent the infrared signal). Single immunostainings are shown in grayscale. **C)** Pachytene spermatocyte spread nuclei stained for DAPI (blue), H3.1/2 (red), H3K9me3 (white, artificial color chosen to represent the infrared signal) and SYCP3 (green). Single immunostainings are shown in grayscale. Subsequent substages indicated on the left are shown from top to bottom in the different panels. **D)** Representative spermatid spread nuclei stained for DAPI (blue), H3.1/2 (red), and H3K9me3 (white, artificial color chosen to represent the infrared signal). Single immunostainings are shown in grayscale.

mRNA sequencing reveals MSCI and PSCR in the dog {#Sec6}
------------------------------------------------

To directly compare X-chromosomal and autosomal RNA expression levels in both spermatocytes and spermatids, we isolated total RNA from cell preparations enriched in either spermatocytes (79.3% pure, Additional file [1](#MOESM1){ref-type="media"}: Table S1) or spermatids (84.4% pure, Additional file [1](#MOESM1){ref-type="media"}: Table S1) from testes of 3 dogs and performed RNA sequencing analysis. After removal of genes for which mRNA was absent in 5 or more samples we detected 91% of the genes presently annotated as coding genes in the dog genome (38 autosomes and the X chromosome; the male specific region of the dog Y chromosome sequence was recently reported \[[@CR4]\], but has not been annotated). Next, we generated boxplots of the gene expression (log2 FPKM, Fragments Per Kilobase of transcript per Million fragments mapped) and observed that the expression levels for the X chromosome were significantly lower compared to autosomes both in spermatocytes (p-value \< 10^−14^) and spermatids (p-value \< 10^−5^), indicating that both MSCI and PSCR impact on the activity of the dog X chromosome (Figure [10](#Fig10){ref-type="fig"}A, left). To be able to compare the degree of MSCI and PSCR between dog and mouse, we also generated similar boxplots for mouse spermatocytes and spermatids, using the recently published RNA sequencing dataset, using purified spermatocyte and round spermatid cell fractions of similar purity to our samples (Additional file [1](#MOESM1){ref-type="media"}: Tables S2 and S3) \[[@CR46]\] (Figure [10](#Fig10){ref-type="fig"}A, middle). It was found that gene expression from the X compared to the autosomes was reduced more clearly in mouse spermatocytes (p-value \<10^−15^). In addition, although PSCR was apparent (p-value \< 10^−7^), a significant overall post-meiotic upregulation of X-linked gene expression was observed in mouse (p-value \< 10^−15^), but not in dog spermatids. For the human, only results from microarray analyses are available \[[@CR43]\], and we generated boxplots of these datasets. The results indicate that X-linked gene expression in human spermatogenesis follows a pattern with measurable MSCI (p-value \< 10^−6^), but X-linked gene expression in round spermatids was even higher than autosomal expression (p-value \< 0.01) (Figure [10](#Fig10){ref-type="fig"}A, right).Figure 10Gene expression in mouse, dog, and human spermatocytes and round spermatids. **A)** Left and middle: boxplots showing median, 25, and 75 percentile log2(FPKM + 2) values of the mRNA levels of genes on chromosomes 1,3, and X in dog and mouse (using the dataset published by \[[@CR46]\]) spermatocytes (spc) and round spermatids (st). Genes that were expressed below the 25 percentile values of the whole genome average in both spermatocytes and spermatids were excluded from this analysis. Right: boxplot showing median, 25, and 75 percentile values of the mRNA levels represented as log2(expression value). The values were obtained from published microarray hybridization data using mRNA isolated from human spermatocytes and spermatids \[[@CR43]\], and shown here for chromosomes 1,3, and X. Genes with very low expression (value \<100, Affimetrix probesets with mean signal intensities \<100) in both spermatocytes and spermatids were excluded from this analysis. Asterisks indicate significant difference in gene expression between autosomes and the X chromosome for spermatocytes and spermatids. Plus indicates significantly higher X-linked than autosomal gene expression in spermatids. Horizontal red lines indicate significant difference in X-linked gene expression between spermatocytes and spermatids. **B)** Differentially expressed genes along chromosome 1 and chromosome X, comparing expression in spermatocytes and round spermatids from the dog. Genes that are significantly up-regulated in round spermatids compared to spermatocytes (differentially expressed genes; DEG) are indicated as +1 bars, and significantly down-regulated genes are represented as −1 bars along chromosome X and chromosome 1. In addition, the log2(FPKM + 2) values of all genes along the chromosomes in spermatocytes and round spermatids are shown. Gene density along the chromosomes can be inferred from the density of the bar representing locations of Ensembl annotated genes along the chromosome shown at the bottom. For the X chromosome, the approximate location of the PAR border is indicated by a light blue line, and centromere location is indicated by a dashed gray line.

Reactivation of single copy X-linked genes in dog round spermatids, but also post-meiotic downregulation of a subset of X-linked genes {#Sec7}
--------------------------------------------------------------------------------------------------------------------------------------

Next we identified differentially expressed genes between spermatocytes and spermatids using two different approaches (Cufflinks (Cuffdiff) and edgeR (see [Methods](#Sec18){ref-type="sec"})). Both approaches yielded highly comparable sets of genes (Additional file [1](#MOESM1){ref-type="media"}: Table S4: 70--95% identity of significantly up- and down-regulated autosomal and X-linked genes for the two methods), and a more detailed investigation was performed using the Cufflinks analysis results. For X-linked genes with a more than 1.5 fold change in gene expression, we observed that 207 genes were significantly up-regulated in spermatids compared to spermatocytes, while 123 were down-regulated (Table [1](#Tab1){ref-type="table"}). Previously, we have shown that a large group of single-copy genes can escape from PSCR in mouse spermatids \[[@CR42]\], contrary to the hypothesis that post-meiotic expression of X-linked genes would require multiple copies of a gene to overcome the repressive marks \[[@CR41]\]. Of the up-regulated genes in dog round spermatids, the only known multi-copy genes we could identify that were differentially expressed from the X chromosome were members of the MAGEA and MAGEB gene families, that are also multi-copy in mouse and man. However, the majority of these genes was down-regulated in spermatids compared to spermatocytes. In addition, 32 differentially expressed dog X-linked genes are homologous to multi-copy X-linked genes identified in mouse and human by Mueller et al. \[[@CR69]\], but very few of these genes are clearly multi-copy (\>2 copies) in dog, and 14 are down-regulated in spermatids compared to spermatocytes (Additional file [1](#MOESM1){ref-type="media"}: Table S5).Table 1**Comparison of the number of differentially expressed genes in mouse and dog spermatocytes and spermatids\# genes analysed\>1.5 fold change (%)\*Down (%)\*Up (%)\*\# X- linked genes (%)\*\>1.5 fold change X (%)\*Down X (%)\*Up X (%)\*Mouse**231008565 (37)4305 (19)4260 (18)1016 (4.4)399 (1.7)57 (0.25)342 (1.5)**Dog**194758851 (45)4219 (22)4632 (24)768 (3.9)330 (1.7)123 (0,63)207 (1.1)**Common**134922650 (20)1340 (10)1310 (10)475 (3.5)100 (0.74)9 (0.066)91 (0.67)Down: down-regulated in spermatids compared to spermatocytes.Up: up-regulated in spermatids compared to spermatocytes.\*percentage relative to the \#genes analysed.

Next we compared the above-mentioned RNA sequencing data recently deposited for mouse spermatocytes and spermatids \[[@CR46]\], to our dog dataset. Significantly differentially expressed genes were identified using the same method for both species (shown in Table [1](#Tab1){ref-type="table"}). From this, it is clear that there are more X-linked genes that become up-regulated in spermatids in mouse compared to dog. Conversely, fewer X-linked genes are specifically post-meiotically down-regulated in mouse compared to dog. Almost half of the X-linked genes that are up-regulated in spermatids in the dog share this expression pattern with the mouse. In contrast, less than 10% of the down-regulated genes are shared between mouse and dog.

Differential regulation of gene expression along the p and q arms of the dog X chromosome {#Sec8}
-----------------------------------------------------------------------------------------

To study whether certain regions of the dog X chromosome (in relation to the observed heterologous self-synapsis) are more likely to be up- or down-regulated in round spermatids we plotted the density of differentially expressed genes and their corresponding expression level (log2 FPKM) along the X chromosome and chromosome 1 (these two chromosomes are similar in size and gene content in dog) (Figure [10](#Fig10){ref-type="fig"}B). For the X chromosome, a higher number of up-regulated genes appears to be located on the p arm (containing the PAR) as compared to the q arm. Reciprocally, the q arm of the X chromosome contains a relatively high number of down-regulated genes. For chromosome 1, some areas are also more enriched for either up- or down-regulated genes, but here it appears to correlate better with gene density and the overall gene expression activity in those areas. A similar pattern to that found for chromosome 1 was observed for chromosomes 3 and 5 (data not shown).

To further investigate whether changes in gene expression between spermatids and spermatocytes vary along the X chromosome, we plotted the walking average of gene expression along chromosomes X and 1. The expression pattern of genes along chromosome 1 is not globally different between spermatocytes and spermatids (Figure [11](#Fig11){ref-type="fig"}A). In contrast, the expression of genes along the X chromosome is globally up-regulated in spermatids compared to spermatocytes (Figure [11](#Fig11){ref-type="fig"}B). However, we observed variability in the degree of upregulation depending on the position of genes on the chromosome. Upregulation is much more pronounced along the p arm of the X chromosome, compared to the q arm (Figure [11](#Fig11){ref-type="fig"}B). We then looked at the expression level of genes along the X chromosome in mouse, and observed a much more clear upregulation in round spermatids, compared to what we observed for the dog (Figure [11](#Fig11){ref-type="fig"}B). Along chromosome 1, the patterns of gene expression were similar in mouse and dog. To visualize the differential regulation of the p and q arms of the X chromosome in the dog more clearly, we generated separate boxplots of gene expression from the two arms in spermatocytes and round spermatids, and compared the outcome to boxplots obtained for autosomes of the dog (Figure [11](#Fig11){ref-type="fig"}C). All dog and mouse autosomes, and also the mouse X chromosome, are acrocentric. Therefore, in this evaluation we introduced an arbitrary split of left (a) and right (b) parts of chromosomes 1, 3, and X. As expected, we observed that expression from the dog p and q arm of the X is significantly reduced compared to the split autosomes in spermatocytes (p-value Xp \< 0.05, Xq \< 10^−7^) (Figure [11](#Fig11){ref-type="fig"}C). However, the expression from the p-arm was higher than the expression from the q arm (p-value \<0.05). More importantly, in round spermatids, the gene expression from the p arm of the dog X even reaches a level that is not different from autosomal gene expression, whereas the q arm remains repressed (p-value \< 10^−3^) (Figure [11](#Fig11){ref-type="fig"}C). In the mouse, no differences in gene expression between the arbitrarily split arms of the chromosomes, including the X, were observed (Figure [11](#Fig11){ref-type="fig"}C). In accordance with the results presented in Figure [10](#Fig10){ref-type="fig"}, partial reactivation is observed for both (arbitrarily chosen) parts of the X chromosome.Figure 11Partial conservation of MSCI and PSCR among mouse, dog, and man. **A)** Walking average of gene expression along chromosome 1 in spermatocytes and round spermatids from dog and mouse. **B)** Walking average of gene expression along chromosome X in spermatocytes and round spermatids from dog and mouse. PARs are indicated in blue. Centromere positions are shown in dashed gray boxes. **C)** Boxplot showing median, 25, and 75 percentile of gene expression in the p arm (Xp) and q arm (Xq) of the dog X in spermatocytes and round spermatids compared to boxplots of arbitrarily split autosomes of dog and mouse X chromosomes and autosomes. Asterisks indicate significant difference in gene expression between split autosomes and the X chromosome arms. Plus indicates significant difference between split autosomes and the q arm of the X only. Horizontal red lines indicate significant difference in X-linked gene expression between chromosome arms. **D)** Venn diagram showing the number of commonly up-regulated (left) and down-regulated (right) X-linked genes in round spermatids compared to spermatocytes in dog, mouse and human. Genes commonly up-regulated or down-regulated in all three species are listed in bold. Down-regulated genes common only to dog and human, not to mouse, are listed with regular characters. Borders of the areas including listed genes are marked in blue.

Low gene expression levels in the dog PAR {#Sec9}
-----------------------------------------

The dog has an exceptionally large PAR containing 34 annotated genes \[[@CR56]\], and it was expected that this region would escape from MSCI because it is capable to fully engage in homologous synapsis and meiotic recombination. However, we found a relatively low average level of mRNA expression in this region (Additional file [1](#MOESM1){ref-type="media"}: Table S6) in both spermatocytes and spermatids. The value is more than 10-fold lower than the overall genome average, and also more than two-fold lower than the average of the whole X chromosome in spermatocytes. Thus, it appears that the dog PAR is even more repressed in spermatocytes compared to the rest of the X chromosome, and shows very little re-expression in spermatids. Interestingly, one gene, named *SLC25A6* (*ANC2*), was found to be highly expressed in dog spermatocytes (normalized FPKM = 47.19 in spermatocytes and 18.11 in spermatids), and thus appears to escape from MSCI. We cannot formally exclude that the mRNA molecules that are detected in extracts from the purified spermatocytes were produced in spermatogonia or early spermatocytes, but there are several arguments that indicate that this is highly unlikely. First, the FPKM of 47.19 lies well above the genome average of 27.05 in dog spermatocytes. Second, global gene transcription is very low in leptotene and zygotene spermatocytes \[[@CR70]\], and since duration of the pachytene stage is around 13 days in the dog \[[@CR71]\], *SLC25A6* mRNA would have to be extremely stable to remain present in the population of purified spermatocytes at such a high level. In ES cells, the median half life of mRNAs is 7.1 h \[[@CR72]\], and although regulation of mRNA stability will differ between different cell types, we feel that active transcription of *SLCA25A6* in dog pachytene spermatocytes most likely accounts for the high FPKM value that we measured for this mRNA. *SLC25A6* encodes an adenine nucleotide carrier (ANC), an ADP/ATP carrier that transports ADP into mitochondria and ATP out of mitochondria. SLC25A6 is a member of a family of four proteins that also includes SLC25A4 (ANC1), SLC25A5 (ANC3) and SLC25A31 (ANC4). Of these, only the gene encoding SLC25A5 is also X-linked. The expression levels of these genes in spermatocytes and spermatids of mouse, dog and man are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S7. It is clear that both the autosomal *SLC25A31* gene and the X-linked *SLC25A6* gene are the main ANCP variants that are expressed in spermatocytes in dog. *SLC25A6* has not been conserved in the mouse genome, and the autosomal *SLC25A31* variant is highly expressed in spermatocytes. In human spermatocytes, *SLC25A31* is also the main expressed gene, and the two X-linked variants *SLC25A5* and *SLC25A6* are expressed at levels comparable to the median for expressed genes calculated for the genome in both spermatocytes and round spermatids, indicating that they may be transcribed and escape MSCI.

Pathway analysis of X-linked genes with common post-meiotic regulation between mouse, dog and man {#Sec10}
-------------------------------------------------------------------------------------------------

To investigate if genes that are up-regulated in spermatids in both mouse and dog belong to a conserved pathway that is essential during this stage, a pathway analysis was performed using the 91 commonly up-regulated genes in spermatids. The top 5 of significantly enriched Molecular and Cellular Functions are: Cell Morphology; DNA Replication, Recombination, and Repair; Cell Signaling; Post-Translational; and Protein Synthesis (Additional file [1](#MOESM1){ref-type="media"}: Table S8). Finally, we compared the X-linked up- and down-regulated genes between dog, mouse, and human (Figure [11](#Fig11){ref-type="fig"}D), and identified 21 genes that are up-regulated in spermatids of all three species (Additional file [1](#MOESM1){ref-type="media"}: Table S9). For 8 of these genes, mouse knockout models have been described; two are embryonic-lethal, precluding direct analyses of the function of the gene in spermatogenesis, three displayed no clear reproductive defect, and three models displayed defects in post-meiotic spermatid differentiation. For the X-linked genes that were expressed at lower levels in spermatids compared to spermatocytes, very few were conserved between two species, and only two were common to mouse, dog, and man (*ATP6AP1* and *PGRMC1*) (Figure [11](#Fig11){ref-type="fig"}D).

Discussion {#Sec11}
==========

Here, we performed a detailed analysis of the dynamics of XY chromosome pairing during meiotic prophase in dog, in relation to the progression of meiotic DSB repair, and regulation of gene expression.

The dog X chromosome has two special characteristics that make this analysis particularly relevant. First, it displays transient but extensive self-synapsis during pachytene, as revealed by our immunocytochemical analyses, and second it has an exceptionally long PAR, as compared to mouse and human. We studied both these properties in relation to the dynamics of meiotic DSB repair and the MSCI and PSCR processes.

Transient self-synapsis correlates with progression of HR repair on the X chromosome and loss of γH2AX {#Sec12}
------------------------------------------------------------------------------------------------------

In general, lack of synapsis is associated with persistence of markers of DSB repair \[[@CR16]\]. For the mouse XY pair, this might be attributed to the lack of homology between X and Y, in combination with the effect of an interhomolog bias, which would inhibit use of the sister chromatid as a template for HR repair. The accomplishment of extensive heterologous synapsis along the dog X during a brief period in mid pachytene was associated with concomitant loss of markers of ongoing DSB repair. Loss of γH2AX occurred first in the area that included both the PAR and the self-synapsed regions, occurring either heterologous in looped regions of the X chromosome, or between sister chromatids, indicating that HR repair may occur faster in this area compared to the rest of the X chromosome. This finding also nicely correlates with the fact that we observed loss of HORMAD association with the self-synapsed regions, and HORMAD activity has been clearly linked to ATR activation and subsequent γH2AX formation in the mouse \[[@CR73],[@CR74]\]. The fact that all γH2AX enrichment on the X is lost prior to the end of pachytene may also indicate that meiotic HR repair on the X is complete before the end of pachytene, and thus may occur overall more rapidly in dog compared to mouse. Although meiotic HR repair is thought to preferentially involve the use of an intact repair template from the homologous chromosome, this is not possible for sex chromosomal regions outside the PAR. In the mouse, it has been suggested that some DSBs might be repaired by non-homologous end-joining at the end of meiotic prophase, when components of this machinery are re-expressed \[[@CR75]\]. However, it is perhaps more likely that the sister chromatid is eventually used as a repair template on the sex chromosomes, because the DSB ends have been resected, and this may channel repair towards homologous recombination. In addition, intrachromosomal nonallelic HR (NAHR) may also occur \[[@CR76]\]. In this pathway, recombination occurs between repeat sequences with a high sequence homology (usually low copy number repeats) on the same chromosome. This might have deleterious consequences such as inversions or deletions, but if repair is channelled towards a noncrossover pathway, such as synthesis-dependent strand annealing, overall chromosome structure can be retained \[[@CR76]\]. Meiotic NAHR has not yet been explored for the dog sex chromosomes. For the human X and Y chromosomes, intrachromosomal NAHR has been reported as a cause of chromosomal aberrations associated with intellectual disability \[[@CR77]\] and male infertility \[[@CR78]\], respectively. From this, it might be suggested that, at least in the human, intrachromosomal NAHR without genomic rearrangements could also occur during meiotic prophase, and function as a normal pathway to repair (meiotic) DSBs along the unsynapsed axes of X and Y.

MSCI occurs in dog spermatocytes, but may be incomplete or transient in some regions {#Sec13}
------------------------------------------------------------------------------------

Persistence of meiotic DSBs and asynapsis are detected by the machinery that induces MSCI in the mouse \[[@CR48],[@CR47],[@CR74],[@CR18]\]. We observed transient extensive self-synapsis of the X and associated loss of γH2AX from synapsed regions in dog pachytene spermatocytes. In addition, although H3K4me2 remains depleted from the X and Y chromosomes in diplotene nuclei, H3K9me3 enrichment on the sex chromosomes was only transiently observed, and not clearly observed in late spermatocytes and post-meiotic cells. Also, in late pachytene and diplotene spermatocytes, RNApolII depletion was less clear compared to the earlier pachytene nuclei, and phosphorylated RNA polymerase was highly enriched in a focal manner along selected regions of the X chromosome in subfraction of the pachytene nuclei, apparently independent of synapsis. This contrasts with what has been observed in mouse, where the depletion of RNApolII on the XY body compared to autosomes is most evident in late pachytene and diplotene, mainly because overall transcription on autosomes increases \[[@CR70]\]. Based on these observations, we investigated if MSCI and/or PSCR might be incomplete, or transient in the dog, using a whole genome approach.

Using RNA sequencing, we observed that MSCI occurs also in the dog. When we analysed global regulation of gene expression along the dog X chromosome in spermatocytes and round spermatids, we observed that MSCI is less clearly established along the p arm of the X chromosome, compared to the q arm. In addition, the overall level of gene expression derived from the p arm of the X chromosome was similar to that of autosomal genes in round spermatids, whereas for the q arm post-meiotic reactivation of the X-linked genes was limited or even absent. It is interesting to note that the X self-synapsis is most frequently observed along the p arm of the X chromosome, and synapsis of the tip of the q arm was almost never observed. Thus, it might be suggested that the (heterologous) synapsis facilitates not only DSB repair, but also helps to (re)activate gene expression on the X chromosome. Still, there are also regions in the q arm of the X chromosome that appear to have a relatively high expression level in both spermatocytes and round spermatids. Intriguingly, the very region for which we would expect a clear correlation between synapsis and lack of MSCI, the PAR, was expressed at very low levels in both spermatocytes and spermatids. We expected that the PAR would behave like autosomes regarding repair and synapsis, and escape from MSCI, but it appears to be subject to its own unknown specific regulatory control mechanism. Thus, although there is some degree of correlation between X self-synapsis and reduced MSCI, other, yet unknown aspects of sex chromosome regulation may differ between dog and mouse, and influence MSCI.

MSCI escapees {#Sec14}
-------------

Little is known about X-linked genes that may escape from MSCI in mouse, except for a report on escape of miRNA genes and the noncoding *Tsx* transcript in spermatocytes \[[@CR79],[@CR80]\].

Since MSCI is less complete in dog (and possibly also in man \[[@CR44],[@CR52]\], and observations in this manuscript), it might be expected that true escapees of MSCI could exist in these species. In dog, 46 of the X-linked genes that are more than 1.5-fold down-regulated in spermatids have an FPKM value \>4 in spermatocytes, which is higher than the median FPKM value of all genes that were analysed in spermatocytes, and thus indicates ongoing transcription.

X-linked genes that are specifically expressed in spermatocytes and become down-regulated in spermatids in more than one species are expected to possibly exert a relevant function during meiosis. Mouse and dog have 9 common X-linked genes that are expressed at a level more than 1.5-fold lower in spermatids compared to spermatocytes. Two of these, *ATP6AP1/Atp6ap1* and *PGRMC1/Pgrmc1* are also more than 1.5 fold down-regulated in human spermatids, based on the microarray data. Nothing is known about the putative expression or role of these proteins in spermatocytes.

Interestingly, of the 8 X-linked genes that are down-regulated both in dog and human round spermatids, 5 have been shown to be expressed in human spermatocytes and thus may represent true escapees of MSCI: *FMR1NB*, *CTAG1A* \[[@CR81]\], *MAGEA* \[[@CR82]\], *RHOXF1* \[[@CR83]\], and *TKTL1* \[[@CR84]\]. Out of these, FMR1NB, CTAG1A and MAGEA9B are cancer/testis antigens. RHOXF1 is a homeobox protein and TKTL1 is a transketolase involved in the pentose-phosphate pathway. These 5 genes are thus of special interest as candidate X-linked genes that may perform an important function during meiotic prophase in human spermatogenesis. For the other three genes, formal proof of MSCI escape may be obtained when their mRNA expression levels in purified spermatogonia can be directly compared to their mRNA levels in purified spermatocytes.

The gene encoding the ADP/ATP carrier SLC25A6 is another interesting putative MSCI-escapee, and localizes to the PAR in dog and man. ANC proteins are of vital importance for the metabolism of the cell, and pachytene spermatocytes likely require a high rate of ATP synthesis \[[@CR85],[@CR86]\].

PSCR may not reflect an active repressive process {#Sec15}
-------------------------------------------------

From our whole genome analysis of mRNA expression in dog spermatocytes and spermatids, it is clear that most X-linked genes that are significantly up-regulated in spermatids compared to spermatocytes are single-copy genes. We propose that persistence of the inactivation of X-linked genes in dog and perhaps human spermatids is not primarily due to a post-meiotic repressive mechanism operating during this stage, but rather represents a carry-over of MSCI. This is supported by the observed lack of accumulation of H3K9me3, as well as by the absence of a DAPI dense area on the sex chromosomes in spermatids, one of the markers of PSCR in mouse. This new extensive analysis of MSCI and PSCR in the dog again supports the notion that X-linked gene activation occurs frequently for single-copy genes in spermatids, and is not globally inhibited. It should also be considered that expression of X-linked genes in spermatids will not only require alleviation of MSCI but also more specific post-meiotic transcriptional regulation.

Identification of putative X-linked male fertility genes {#Sec16}
--------------------------------------------------------

The pathway analysis of X-linked genes that are significantly up-regulated in spermatids both in mouse and dog, revealed that most of these genes are involved in shaping the sperm cell and maintaining genome integrity. These are important processes that require (re)activation of a specific subset of X-linked genes. In addition, it is worth mentioning that a relatively high number of reactivated genes are involved in the regulation of posttranslational modifications and of protein synthesis and degradation (in particular the ubiquitin pathway). The addition of the dog as a new species to the dataset of gene expression in spermatocytes and spermatids allows identification of X-linked genes that show post-meiotic induction of gene expression in mouse, human and dog, thus providing more evidence for an important function in spermatogenesis. For some of these genes, knockout mice have been generated. Several of these mutant animals were shown to be fertile, indicating that even conserved expression does not necessarily indicate that the gene is absolutely required for fertility, at least in the mouse. It should be kept in mind that spermatogenesis is much more efficient in mouse compared to man, yielding a much higher number of mature spermatozoa per gram testis weight per time unit, and a small selective advantage of expression of an X-linked gene in mouse spermatids may translate into an essential function in man. Therefore, all genes listed in Additional file [1](#MOESM1){ref-type="media"}: Table S9, as well as the conserved possible MSCI escapees described above should be considered candidate human fertility genes.

Conclusions {#Sec17}
===========

Our results provide novel insights in the regulation and significance of sex chromosome gene expression during spermatogenesis in mammals. We show that transient but extensive heterologous self-synapsis of the X chromosome is associated with rapid DSB repair and reduced MSCI. On the other hand, the genes that are localized in the pseudoautosomal region are mostly transcriptionally inactive in both spermatocytes and spermatids, despite the normal progression of synapsis in this region. We hypothesize that the PAR is controlled by its own specific regulatory mechanism but that specific genes in this region that exert a meiotic or post-meiotic function can be active. Furthermore, based on conserved expression patterns in mouse, human, and dog spermatocytes and/or spermatids, we identified genes that may function in spermatocytes (escapees) or round spermatids (reactivated genes), and should be considered as potential X-linked male fertility factors.

Methods {#Sec18}
=======

Sample collection and germ cell isolation {#Sec19}
-----------------------------------------

Testes used in this study were not obtained in the context of animal experiments, but collected as remnant material from specialized veterinary clinics immediately after dog castration surgery was performed using the standard procedure (adhering to best practice of veterinary care) of that clinic, at the owners' request, and not for the purpose of the experiment. No aspect of the timing of the operation, the operation procedure itself, or further treatment or health perspective of the animals, was influenced by the collection of the testes. Testis material was first collected in normal saline solution, transported on ice, and further processed as described below for different applications. For RNA sequencing analysis, testes were obtained from two Chihuahuas, here named dog 4 and dog 6 (respectively 9 and 16 months old), and from one German Shepherd, referred to as dog 5 (4 years old). Spermatocytes and round spermatids were purified on the day of testes collection by using collagenase and trypsin treatment, followed by sedimentation at unit gravity (StaPut procedure) \[[@CR87]\].

Analyses of cell purity in the isolated germ cell fractions {#Sec20}
-----------------------------------------------------------

Purified germ cells were fixed in Bouins\' fixative on glass slides and stained with eosin and hematoxylin using standard histological methods. Purity was estimated by cellular morphology (percentages are shown in Additional file [1](#MOESM1){ref-type="media"}: Table S1). In addition, we compared the RNA-seq transcript levels of five genes specifically expressed in spermatids (three protamine genes \[*PRM1, PRM2*, and *PRM3*\] and two transition protein genes \[*TNP1* and *TNP2*\]) and 3 genes that are specifically induced in spermatocytes (*SYCP1, 2,* and *3*), between the spermatid and spermatocyte samples, and between the dog and (published) mouse samples (Additional file [1](#MOESM1){ref-type="media"}: Tables S8 and S9). From this, it is clear that the fold changes in gene expression are similar in the mouse and dog samples, indicating comparable purities. This is also consistent with the reported purities of these mouse spermatocyte and round spermatid fractions (approximately 70 and 90%, repectively, based on morphological assessment \[[@CR46]\]). Since the spermatid-specific mRNAs are not expressed in spermatocytes, the average log2 of the fold-change (FC) of 3.6 of increased expression in the spermatid fraction, indicates a contamination of around 8% of spermatid mRNA in the spermatocyte mRNA preparations. This is consistent with the results of the morphological assessment. For contamination of spermatocytes in the spermatid fraction, no such calculation can be made, since RNA transcription of genes that are important in spermatocytes may continue to some extent in round spermatids.

Antibodies {#Sec21}
----------

For primary antibodies, we used: mouse monoclonal antibodies anti-phosphorylated H2AX (Upstate), anti-RNA polymerase II (Abcam), anti-Ser2 phosphoylated RNA Polymerase II (H5) (Abcam) anti H3.1/2 (gift from dr. P. de Boer); rabbit polyclonal antibodies anti-RAD51 \[[@CR88]\], anti-SYCP3 and anti-SYCP1 (gift from dr. C. Heyting), anti-HORMAD1 (gift from dr. A. Tóth), anti-H3K4me2, anti-H3K9me3; goat anti-SYCP3 (R&D System); guinea pig anti-TEX12 (gift from dr. C. Höög); human anti-centromere antibodies (CREST) (Fitzgerald Industries). For secondary antibodies, we used a goat anti-rabbit IgG alexa 405/488/546/633, goat anti-mouse alexa IgG 350/488/546/633, donkey anti-goat IgG alexa 488/555, goat-anti human IgG 555, goat anti-guinea pig IgG 488/546 (Molecular Probes).

Cryosections {#Sec22}
------------

Parts of the testes were fixed (4% v/v paraformaldehyde in PBS) on ice for 4 hours. Samples were immersed in 30% w/v sucrose (in water) overnight and subsequently embedded in OCT (Optimal Cutting Temperature compound). Crysections of 10 μm were used for immunostaining as described below.

Meiotic spread nuclei preparations and immunocytochemistry {#Sec23}
----------------------------------------------------------

Testis tissues were either directly processed to obtain spread nuclei for immunocytochemistry, or first snap frozen and processed upon thawing in PBS, as described in \[[@CR89]\]. Spread nuclei of spermatocytes were stained with antibodies mentioned above. Before incubation with antibodies, slides were washed in phosphate buffered saline (PBS, 3 × 10 min), and non-specific sites were blocked with 0.5% w/v BSA and 0.5% w/v milk powder in PBS. Primary antibodies were diluted in 10% w/v BSA in PBS, and incubations were overnight at room temperature in a humid chamber. Subsequently, slides were washed (3 × 10 min) in PBS, blocked in 10% v/v normal goat serum (Sigma) in blocking buffer (supernatant of 5% w/v milk powder in PBS centrifuged at 14,000 rpm for 10 min), and incubated with secondary antibodies in 10% normal goat serum in blocking buffer at room temperature for 2 hours. Finally, slides were washed (3 × 10 min) in PBS (in the dark) and embedded in Prolong Gold with or without DAPI (Invitrogen).

Imaging {#Sec24}
-------

Fluorescent images were observed using a fluorescence microscope (Axioplan 2; Carl Zeiss) equipped with a digital camera (Coolsnap-Pro; Photometrics). Fluorescent images were taken under identical conditions for all slides, and images were analyzed using the ImageJ (Fiji) software (Rasband, W.S., ImageJ, U.S. National Institutes of Health, Bethesda, Maryland, USA \[<http://rsb.info.nih.gov/ij/>\]). Confocal imaging was performed on a Zeiss LSM700 microscope (Carl Zeiss, Jena): we used a 63× oil immersion objective lens (N.A. 1.4), pinhole 1 AU. DAPI was excited at 405 nm and imaged with a short pass filter (SP) 490 nm; Alexa 488 was excited at 490 nm and imaged SP 555 nm; Alexa 546 was excited at 555 nm and imaged SP 640 nm; Alexa 633 was excited at 639 nm and for the imaging no filter was required. SIM analysis was performed using a Nikon N-SIM super-resolution microscope system and NIS-Elements 2 image processing software.

RNA fluorescent *in situ* hybridization (FISH) {#Sec25}
----------------------------------------------

We carried out Cot-1 RNA FISH using a previously described method \[[@CR47]\]. Dog Cot-1 DNA was prepared from dog genomic DNA by shearing, denaturing, and reannealing under conditions that enrich for repetitive sequences \[[@CR90]\].

RNA sequencing {#Sec26}
--------------

Total RNA was extracted from (pure) spermatocyte and spermatid fractions using the Trizol RNA isolation protocol. Quality of extracted RNA was verified using Bioanalyzer 2100 (Agilent technologies), all samples had RIN values above 8.5. RNA sequencing library was prepared using Illumina TruSeq RNA version 1 according to the manufacturer's protocol starting with 1 μg of total RNA. RNA sequencing was performed on Illumina HiSeq2000 for single read 36 bp. Sequence reads (2.1-4.6 million reads per sample, of which between 91-93% could be aligned) were aligned to the dog genome (*Canis familiaris*,NCBI, build3.1) using Tophat (version Tophat-1.4.0). Transcripts were assembled and expression values (FPKM) were generated using Cufflinks (version Cufflinks-2.1.1). Data was further processed to calculate gene expression per chromosome using R and Excel. First, genes with low data and FPKM less than 0 in more than 5 samples out of 6 were removed. To remove low expressed genes, we first calculated the 25 percentile of all samples, and removed genes with FPKM below the 25 percentile in spermatocytes.

Differential expression was performed using Cufflinks (Cuffdiff) \[[@CR91]\] and edgeR \[[@CR92]\]. For Cuffdiff, Cufflinks-assembled transcripts were first merged using Cuffmerge, and differentially expressed genes were identified using Cuffdiff. Cuffdiff results were further processed using cummeRbund. For edgeR, reads per gene were first counted using HTSeq \[<http://www-huber.embl.de/users/anders/HTSeq/>\] and differential expression was assessed between the two groups, each with three replicates. Pathway analysis (enrichment analysis) was performed using IPA (Ingenuity® Systems, [www.ingenuity.com](http://www.ingenuity.com)). Statistical analysis (Wilcoxon rank sum test) was performed using R software.

Additional file {#Sec27}
===============

Additional file 1: Table S1.Analyses of dog germ cell purity. **Table S2.** Relative expression levels of spermatocyte genes in mouse and dog spermatids. **Table S3.** Relative expression levels of spermatid genes in mouse and dog spermatids. **Table S4.** Comparison between Cufflinks and edgeR results. **Table S5.** Differentially expressed dog X-linked genes homologous to mouse and/or human multicopy genes. **Table S6.** Average FPKM values of gene expression in dog. **Table S7.** Expression of *SLC25A* variants in spermatocytes and spermatids of mouse man and dog. **Table S8.** Molecular and cellular functions associated with X-linked genes upregulated in spermatids of dog and mouse. **Table S9.** X-linked genes upregulated in spermatids of mouse, human, and dog.

ANC

:   Adenine nucleotide carrier

DAPI

:   4\',6-diamidino-2-phenylindole

DSBs

:   DNA double-strand breaks

FC

:   Fold-change

FISH

:   Fluorescent in situ hybridization

FPKM

:   Fragments Per Kilobase of transcript per Million fragments mapped

HR

:   Homologous recombination

MSCI

:   Meiotic Sex Chromosome Inactivation

MSUC

:   Meiotic Silencing of Unsynapsed Chromatin

NAHR

:   Nonallelic homologous recombination

PAR

:   Pseudoautosomal region

PBS

:   Phosphate buffered saline

PSCR

:   Postmeiotic Sex Chromatin Repression

SC

:   Synaptonemal complex

SIM

:   Structured illumination microscopy
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